Objective: To determine whether peripheral immune responses as measured by serum antigen arrays are linked to cerebral MRI measures of disease severity in multiple sclerosis (MS).
Multiple sclerosis (MS) is characterized by immune dysfunction and inflammation, leading to focal lesions, brain and spinal cord atrophy, and progressive neurologic dysfunction. The known heterogeneity likely reflects myriad and complex underlying pathogenic mechanisms that make specific and unique contributions to MS. 1 MRI-defined T2 hyperintense brain lesions are key to diagnosis and therapeutic monitoring. However, such lesions are nonspecific for the underlying pathology and have limited clinical predictive value. 2, 3 Measurement of brain atrophy provides the potential to detect destructive disease effects and show better associations with clinical status than can be obtained with lesion measures. 2 Atrophy begins early in MS and can be monitored by MRI segmentation. [2] [3] [4] Gray matter (GM) atrophy is more closely linked to clinical status than white matter (WM) atrophy, whole brain atrophy, or conventional lesion assessments. 5, 6 This likely reflects the functional importance of GM and the contention that pseudoatrophy confounds the use of whole brain or WM atrophy to monitor progressive neurodegeneration. 7 Immune processes have a central role in both the pathogenesis and treatment of MS. [8] [9] [10] [11] [12] The ability to link such changes to MRI presents the opportunity to provide new biomarkers and better understanding of disease pathophysiology. [13] [14] [15] [16] [17] [18] [19] Antigen microarrays are newly developed tools for the high-throughput characterization of the immune response 20, 21 that have been used to identify biomarkers and mechanisms of disease pathogenesis in several autoimmune disorders including MS. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In the present study, we investigated the relationship between antigen arrays and both GM and WM cerebral MRI involvement in MS. METHODS Patients. Table 1 summarizes the patients' demographic and clinical characteristics of the discovery and validation sets. All serum samples were collected from the ongoing cohort of patients being followed in the CLIMB study (Comprehensive Longitudinal Investigation of MS at Brigham and Women's Hospital 32 ) in which participants are followed with comprehensive clinical and imaging assessments to monitor disease progression and response to therapy on a yearly basis. Samples were collected within (mean 6 SD) 5.0 6 3.2 months of MRI acquisition. Patients were free of relapses or changes in disease-modifying therapy during the interval between blood collection and MRI. This was a consecutive sample meeting the following criteria: (1) age 18 to 55 years; (2) diagnosis of relapsing-remitting MS 33 ; (3) absence of other major medical, neurologic, or neuropsychiatric disorders; (4) lack of any relapse or corticosteroid use in the 4 weeks before MRI or start of diseasemodifying therapy 6 months before MRI (to reduce confounding effects on MRI); and (5) no history of smoking or substance abuse. The majority of patients were receiving diseasemodifying treatment at the time of MRI. Within 3 months of MRI, each patient received an examination by an MS specialistneurologist, including evaluation of neurologic disability on the Expanded Disability Status Scale and a timed 25-foot walk.
Standard protocol approvals, registrations, and patient consents. Our study received approval from the ethical standards committee on human experimentation at our institution (The Partners Health Care Institutional Review Board). All participants gave written informed consent for their participation in the study.
MRI acquisition and analysis. All participants in the discovery set underwent MRI on the same scanner (3T Signa; General Electric Healthcare, Milwaukee, WI) using a receive-only phase array head coil with the same MRI protocol. The scan acquisition protocol has been detailed previously. 34 Contiguous slices covering the whole brain were acquired in high-resolution protocols using 3-dimensional modified driven equilibrium Fourier transform and T2-weighted fast fluid-attenuated inversion recovery sequences. Patients in the validation set underwent brain MRI on a 1.5T scanner (GE Signa) including a 2-dimensional axial conventional spin-echo dual-echo T2-weighted series (voxel sizes 0.94 3 0.94 3 3 mm). Analysis of these scans was performed by operators who were unaware of clinical and biomarker information. In the discovery set, we obtained normalized compartment-specific global brain volumes as surrogates of atrophy, including GM fraction (GMF), WM fraction (WMF), and total brain parenchymal fraction (BPF), using statistical parametric mapping version 8 (Wellcome Department of Cognitive Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm), after manual correction of (1) misclassifications of tissue compartments due to MS lesion, and (2) ineffective contouring of the deep GM structures. 34 In the validation set, BPF and GMF were obtained in statistical parametric mapping version 8 from the dual-echo images. Because the source images did not show effective contrast for segmentation of the deep gray structures, we performed manual masking to derive only the cerebral cortical GMF. Quantification of total brain T2 hyperintense lesion volume (T2LV) was performed using Jim (Xinapse Systems Ltd., West Bergholt, UK, http://www. xinapse.com) by the consensus of 2 experienced observers from the fluid-attenuated inversion recovery (discovery set) or dual-echo (validation set) images using a semiautomated technique. For the measurement of these atrophy and lesion surrogates from MRI scans, our methods are well established regarding their operational procedures, validity, and reliability. [34] [35] [36] [37] [38] [39] Antigens. Peptides were synthesized at the Biopolymers Facility Antigen microarray production, development, and data analysis. The antigens listed in table e-1 were spotted in replicates of 6 on SuperEpoxy 2 slides (TeleChem, Sunnyvale, CA) using an Arrayit NanoPrint 2 LM210 microarray printer (Arrayit Corporation, Sunnyvale, CA) and optimized spotting conditions as described. 28, 30, 31, 40 The microarrays were hybridized using an HS 4800Pro Hybridization Station (Tecan, Männedorf, Switzerland), in which they were blocked with 1% bovine serum albumin for 1 hour and incubated for 2 hours at 37°C with the test serum at a 1:100 dilution in blocking buffer. The arrays were then washed and incubated for 45 minutes with a 1:500 dilution of goat anti-human immunoglobulin G (IgG) Cy3-conjugated and goat anti-human IgM Cy5-conjugated detection antibodies (Jackson ImmunoResearch Labs, West Grove, PA). The arrays were scanned with a Tecan PowerScanner. Repeated measurements indicate that our antigen microarray technique is reproducible, exhibiting a coefficient of variation of 13.3 6 1.2. 31 Background signal was subtracted and raw data were normalized and analyzed using the GeneSpring software (Silicon Genetics, Redwood City, CA). Antigen reactivity was defined by the mean intensity of binding to the replicates of that antigen on the microarray and expressed as relative fluorescence units. Scatter plots were generated using linear regression models in the R statistical package. Pearson product-moment correlation coefficients were calculated between the MRI measures (BPF, GMF, WMF, T2LV) and the weighted average of a group of statistically significant lipids. The weighted average of significant lipids was calculated using the formula (SW i A i /SW i ) (SW i 5 1, i 5 1, 2, 3 .), where W i is the proportion of intensity of antigen, A i , A i is the observed intensity of an antigen, and SW i is the sum of the weights.
RESULTS
Serum IgG antibodies correlate with brain MRI measures of disease severity. To study the relationship between the peripheral immune response and MRI measures of disease severity, we analyzed serum antibody reactivity in those MS samples. We analyzed IgG serum antibodies using a panel of antigens including CNS antigens, heat shock proteins, and lipids. The association between the antibody reactivity against each antigen and 4 MRI measures of disease (T2LV, BPF, WMF, and GMF) was investigated using Spearman correlation tests.
We found significant associations between each MRI measure of disease and different sets of IgG antibody reactivity, which are shown in table 2. Similar patterns of antibody reactivity were linked to BPF and GMF, consistent with the known dominant contribution of GM atrophy to whole brain atrophy measures. 37, 41 Strikingly, there was little overlap between the antibody reactivity associated with GMF and WMF, suggesting that different immunopathologic processes contribute to tissue degeneration in these areas of the brain. Similarly, these profiles of antibody reactivity were also different from those associated with T2LV.
Serum lipid-reactive IgGs are associated with increased disease pathogenesis determined by MRI. In evaluation of MRI measures and their link to disease, BPF, GMF, and WMF decrease with disease progression while T2LV increases with disease progression. Accordingly, we analyzed the linkage between each MRI measure and the significant antibody reactivities shown in table 2. We identified IgG antibody reactivities associated with increased tissue destruction, as evidenced by decreased BPF values (figure 1). Strikingly, we found that antibodies linked to disease pathology as measured by BPF were enriched for reactivity against lipids. Furthermore, a selective increase in lipid-reactive antibodies linked to disease severity was also observed when we analyzed all available MRI measures (figure 2). Of note, we did not detect an Abbreviations: BPF 5 whole brain parenchymal fraction; FDR 5 false discovery rate-adjusted significance value; GMF 5 global cerebral gray matter fraction; T2LV 5 cerebral T2 (fluid-attenuated inversion recovery) hyperintense lesion volume; WMF 5 global cerebral white matter fraction. Discovery set. a p , 0.05 (positive association). b p , 0.05 (negative association).
enrichment in lipid-reactive IgM in the group of antibodies associated with increased disease pathogenesis (not shown).
An index of serum IgG reactivity to lipids is associated with MRI measures of disease severity. To further investigate the association between serum IgG reactivity to lipids and MRI measures of disease severity, we calculated an IgG anti-lipid index for each patient corresponding to the information on each lipidspecific antibody listed in table 2, normalized by the strength of its correlation with that MRI measure under investigation. The antibody reactivities to lipids used to calculate the lipid index are shown in figure 3A . With this approach, we calculated one index for each of the MRI measures analyzed in this study. We found a significant correlation between each IgG lipid antibody index and BPF, GMF, and T2LV (figure 3B); no significant correlation was found with WMF. Moreover, no significant correlations were found between BPF, WMF, GMF, and T2LV measures and anti-lipid antibody indexes based on IgM reactivity (not shown). Finally, we evaluated the performance of the lipid antibody indexes linked to BPF, GMF, and T2LV on an additional set of independent MS samples (validation set, table 1). We detected a similar trend to the one detected in the discovery set with regard to the Antibody reactivity in serum is associated with decreased brain volume Heatmap in which each column represents the mean immunoglobulin G antibody reactivity in a serum sample from a patient with multiple sclerosis, sorted according to the whole brain parenchymal fraction (BPF) (indicated at the top-a lower BPF indicates more brain atrophy), and each row represents the antibody reactivity to an antigen according to the colorimetric scale shown. The antibody reactivities included in this heatmap are listed in table 2. correlation between BPF and GMF and their respective lipid indexes, and we validated the correlation between T2LV and its lipid index ( figure 3C) .
DISCUSSION Previous studies have investigated the association of MRI with immune activity in MS. [13] [14] [15] [16] [17] [18] [19] These studies have included cellular immune measures as well as oligoclonal bands or neurofilament-specific antibodies in CSF. [42] [43] [44] In the present study, we analyzed the association between serum antibody profiles detected with antigen microarrays and MRI measures of disease, including cerebral atrophy and T2 hyperintense lesions. We found that specific antibody patterns are associated with different aspects of MRI-defined disease pathology. Our major finding was that increased reactivity to lipids is associated with different aspects of brain MRI measures of disease severity. Of note, the specific set of lipids associated with atrophy differed from those associated with lesions. Taken together, these data suggest that antilipid antibodies in serum are related to MRI measures of disease. Our findings highlight the important role of lipid and lipid-specific immunity in the pathogenesis of MS.
Although a potential limitation of these studies is the relatively small number of samples analyzed, we have validated our findings in an independent validation cohort, strengthening their significance. In addition, further studies in large cohorts from patients affected by non-MS neurodegenerative diseases and healthy controls may indicate whether the antibody reactivities and lipid indexes identified in these studies are exclusive to MS, or are associated with additional biological processes. Indeed, some of these antibody reactivities contributing to the immune signatures described in this work have been found in newborns. 45 Different sets of antibody reactivities were associated with GMF, WMF, BPF, and T2LV. The different antibody link between lesions and atrophy is in keeping with the long-held view that brain atrophy in patients with MS is multifactorial and is only weakly related to lesions. 41 This has been underscored in recent studies showing the complementary information obtained by combining lesion and atrophy measures. 46, 47 Among the cerebral atrophy measures, there was a striking overlap between those antibodies associated with GMF and BPF, which separated them from WMF results. These findings are in keeping with previous observations that whole brain atrophy is dominated by GM loss. 37, 41 In the early stages of MS, this GM atrophy selectively involves the deep GM nuclei. 34 Thus, the similarities observed in the autoantibodies linked to GMF and BPF might reflect the dominant contribution and colinearity of GM atrophy to total brain atrophy. The set of antibodies linked to GMF may be the most relevant given that MRI studies have shown that GM volume is more closely linked to physical disability 37 and cognitive impairment 38 than are WM volume or lesion measures.
Using antigen microarrays, antibody reactivity to lipids has been detected in the CSF and serum of patients with MS at different stages of the disease and such antibodies in the CSF have been linked to disease progression and MRI involvement. 44 Although several mechanisms are thought to drive brain inflammation and atrophy in MS, 4, 6 the connection between these mechanisms and the antibodies detected with our antigen microarrays is yet unknown. One possibility is that the serum autoantibodies identified in our studies are not pathogenic and reflect the result of immunization against self-antigens released from the CNS during the course of the disease. Indeed, neurofilament is released from damaged axons during the course of MS, and both neurofilament light chains 48 and antibodies against it 42 have been linked to MRI measures of disease. Moreover, heat shock proteins are upregulated in different cell types during inflammation and have been shown to have an important role as immunomodulators when released to the extracellular medium. 49, 50 Thus, it is possible that heat shock protein-reactive antibodies reflect changes in the production and release of these immunomodulators during the course of disease pathogenesis. Similarly, bioactive lipids and their products are released from damaged myelin, and lipid-specific antibodies have been detected in patients with MS. 27, 29, 30, 51 Lipids have an important role in the immune response, both as bioactive molecules with immunomodulatory properties and also as targets of the adaptive immune response. 52 Moreover, lipids have significant effects on the murine model of MS experimental autoimmune encephalomyelitis. 27, 29, 30, 51, 53 Indeed, we recently found that the glycolipid lactosylceramide activates a broad set of biological processes in astrocytes, promoting neurodegeneration and inflammation. 53 Thus, the lipid-reactive antibodies detected in this work may reflect the release of myelin lipids in the context of MS pathogenesis, and/or may directly contribute to immune-mediated damage in CNS tissue. Of note, lipid-reactive antibodies are highly cross-reactive. 52 In addition, the lipid-reactive antibodies detected in this work as associated with MRI measures of disease activity were of the IgG class. These are important points to consider when evaluating a potential role of lipidreactive antibodies in MS pathogenesis. Further studies are warranted to investigate whether bioactive lipids offer new therapeutic targets in MS.
We have found that unique patterns of immune reactivity determined with antibody arrays are associated with specific MRI measures of disease severity. These patterns agree with the interpretation that different pathogenic mechanisms drive diverse disease processes reflected by these MRI measures. These patterns also suggest a predominant role for lipids and lipid-specific immunity in MS pathology. Further studies are warranted to determine whether the early appearance of anti-lipid antibodies predicts the
